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The significant impact of commensalmicroorganisms onmetabolism, susceptibility to disease, and
general well-being of their host has become increasingly clear in recent years. Chung et al. now
show that the maturation and performance of the immune system depend on organism-specific
bacterial species.During our first years of life, we become
host to a large diversity of commensal
microbes that far outnumber our own
cells. The limited distribution of bacterial
phyla and the small genetic variability
between bacterial species present in all
mammals (Dethlefsen et al., 2007) sug-
gest that the microbial composition is
shaped by coevolution with the host.
This liaison requires a delicate response
from both sides, ensuring the preferen-
tial maintenance of some microbial
species while preventing host pathology.
Throughout the rest of our lives, these
microorganisms contribute to our meta-
bolic balance and protect us from dis-
ease. Disease protection is achieved by
direct means through microbial products
and the creation of a protective barrier
against pathogenic microorganisms and,
indirectly, by supporting the development
of an efficient immune system. In this
issue of Cell, Chung et al. (2012) explore
the question of whether the health bene-
fits conveyed by the mammalian micro-
biota require a fine-tuned interaction that
is strictly dependent and specific to the
host species.
To address this question, the authors
compared the intestinal immune system
in germ-free (GF) mice colonized at birth
with either mouse (MMb) or human gut
microbiota (HMb). GF mice show several
immunological abnormalities, including
poorly developed lymphoid organs, fewer
intestinal lymphocytes, and impaired
secretion of microbicidal factors. Re-
colonization of these mice with mouse-
specific bacteria reverses several of these
abnormalities (Smith et al., 2007). The
authors show that, despite similar relative
abundances of bacterial phyla in MMb-
and HMb-recolonized GF mice, the bac-1428 Cell 149, June 22, 2012 ª2012 Elsevierterial species composition differs signifi-
cantly. These differences are stable over
time, passed on to the offspring for at
least two generations, and directly con-
tribute to the development of the intestinal
immune system. MMb-colonized mice
developed a robust immune system with
increases in intestinal immune cell num-
bers and expression of antimicrobial pep-
tides. However, HMb-colonized mice,
despite having a bacterial load and phy-
lum distribution similar to MMb-colonized
mice, showed no improvement relative
to GF mice. Although diet is a known
factor in shaping the gut microbiome
across mammalian phylogeny (Muegge
et al., 2011) and in maintaining intestinal
lymphocyte populations (Li et al., 2011),
this did not explain the differences ob-
served. Interestingly, colonization of GF
mice with a microbiota obtained from
rats—fed a similar rodent diet to mice
and evolutionary much closer related—
could not restore immune cell numbers
in the mouse gut (Figure 1). These results
further underline the stringency of the
species-specific relationship established
between microbes and their host.
T cells are part of the adaptive immune
system and instrumental in the formation
of immunological memory. They have a
prominent role in orchestrating responses
among the cellular players of the immune
system directing them toward inflamma-
tion or tolerance. HMb-colonized mice
showed a marked reduction in T cell num-
bers in the intestine compared with those
colonized with MMb. This was not due to
defects in the T cells’ ability to reach the
intestine but could be attributed to a
reduction in their proliferation rate. Prolif-
eration is a mechanism essential for the
initiation of an efficient adaptive immuneInc.response. It is triggered by the recognition
of nonself and is required for the selective
outgrowth of antigen-experienced T cells
with a useful antigen specificity, which
are ultimately responsible for protection
against reinfections with the same or
similar microorganisms. Therefore, defi-
ciencies in the generation and expansion
of antigen-experienced T cells will have
serious consequences, leaving the organ-
ism vulnerable to disease. To fulfill their
specific requirements, upon encountering
their cognate antigen, T helper (Th) cells
develop into distinct lineages each with
a specialized role. Analysis of Th cells in
GF HMb-colonized mice revealed the
predominant presence of type 2 helper
T cells (Th2), critical for immunity against
parasites and implicated in allergic re-
sponses. By contrast, MMb-colonized
mice revealed a switch to an interleukin
(IL)-17-producing Th17 cell response,
important for the protection against ex-
tracellular bacteria as well as in maintain-
ing intestinal homeostasis. These results
are in line with the hygiene hypothesis
that links reduced exposure to microor-
ganisms in early childhood to increased
susceptibility to allergic disorders by
suppressing natural development of the
immune system. The results also add a
new and interesting dimension to the
theory by introducing a strong species-
specific element. The study suggests
that it is not the quantity but, rather, the
quality of themicrobes that you encounter
that is important for immune maturation.
The composition analyses performed
by Chung et al. revealed that major dif-
ferences between MMb and HMb were
found in the phylum of firmicutes. A
known species belonging to this phylum
are the segmented filamentous bacteria
Figure 1. Only Host-Specific Commensal Bacteria Induce Maturation of the Intestinal
Immune System
Gut bacteria from laboratory mice, when transferred into germ-free mice, stimulate T cell expansion and
development of a more effective immune system. On the other hand, colonization of germ-free mice with
bacteria from either human or rat intestine has little or no effect on immune development, demonstrating
that specific microbe-host interactions are essential for maturation of the intestinal immune system.(SFBs), which are able to enhance intes-
tinal Th17 cells in mice (Ivanov et al.,
2009). Chung et al. detected SFBs in
MMb, but not in HMb, and subsequently
examined whether these constituted the
MMb-specific component responsible
for the maturation of the mouse intestinal
immune system. However, monocoloni-
zation of GF mice with SFBs or cocoloni-
zation with HMb only resulted in a minor
increase in intestinal T cell numbers. This
indicates that multiple microbial species
are involved in the development of intes-
tinal T cells. Next, Chung et al. demon-
strated the importance of host-microbiota
specificity in protection against infec-
tious disease. Mice colonized with MMb
or HMb were challenged with the in-
testinal pathogen Salmonella enterica, a
disease-causative agent in human and
mouse populations. MMb-colonized mice
showed a significantly lower S. enterica
burden and intestinal pathology, whereas
those that received HMb suffered from
higher S. enterica loads and developed
increased intestinal inflammation. This
result is in line with the stunted immunematuration and proliferation observed in
HMb-colonized mice and emphasizes the
adverse consequences of the absence
of an appropriate gut microbiota for
adequate immunity.
The findings of Chung et al. extend the
growing body of evidence showing the
critical role of crosstalk between micro-
biota and the immune system and dem-
onstrate that host-specific microbiota is
central to immune maturation. However,
the study was restricted to the major
immune cell subsets, T cells, B cells,
and dendritic cells. Commensal bacteria
fulfill many diverse functions affecting
the gastrointestinal tract vascularization
and architecture, the health of the epithe-
lial cell lining, the development of orga-
nized lymphoid structures, and the ability
to metabolize and absorb nutrients (Rein-
hardt et al., 2012). GF mice have been
shown to have arrested capillary network
formation in the intestine and reduced
energy absorption capacity and have
also been shown to be resistant to diet-
induced obesity (Smith et al., 2007).
Therefore, and in light of this study’s find-Cell 14ings, it would be interesting to investigate
the role played by host specificity in these
additional parameters.
The microbiome outnumbers our genes
by at least 100 to 1 (Ba¨ckhed et al., 2005)
and makes a vital contribution to our abil-
ity to adapt to environmental variations.
The ability to metabolize, absorb, and
store energy has enabled the expansion
and development of the human species.
During our development, we have grad-
ually adapted to alterations in dietary
patterns brought about by the ecological
niche that we occupied, genetic speciali-
zation, and cultural conventions. How-
ever, in the past decades, our diets have
changed rapidly and drastically, which
may be causative for the wide range of
metabolism and immune-associated dis-
orders observed in the same time span.
Inflammatory bowel disease (IBD) has
been extensively linked with alterations in
the composition of the gut microbiome
and is oftenmanaged through a controlled
diet. GF animals colonized with bacterial
species isolated from IBD patients do not
consistently develop disease. The study
by Chung et al. offers a potential explana-
tion for these results and uncovers the
need for reinterpretation in light of our
new understanding of the role of host
specificity in the function of intestinal
commensal bacteria.
The results by Chung et al. also add
a species-specific element to the hygiene
hypothesis by showing that the shift
from a Th2-dominated response, strongly
associated with allergies, toward a
mature T cell compartment with an in-
creased Th17-mediated response is not
dependent on interactions with a general
mammalian-specific microbiota. GF mice
have recently been shown to have in-
creased susceptibility to allergic airway
inflammation (Herbst et al., 2011). An
important role in this process is played
by invariant natural killer T cells (iNKT),
which accumulate in the colonic cell wall
and the lungs (Olszak et al., 2012). In light
of the results from Chung et al., it would
be of great interest to investigate (1)
whether a reciprocal relationship exists
between the accumulation of iNKT cells
in the colon and lungs, (2) the compart-
ment of T lymphocytes in the small intes-
tine, and (3) how this is mechanistically
determined by host-specific commensal
microorganisms.9, June 22, 2012 ª2012 Elsevier Inc. 1429
In summary, the necessity tomap intes-
tinal microbial composition and decode
the role that individual bacterial species
play in immune development, which has
become clear in recent years, is now qual-
ified by a requirement to unravel these
interactions in a species-specific context.
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